INTRODUCTION MATERIALS AND METHODS
Rous sarcoma virus (RSV) contains the v-src oncogene whose product, pp60v-src, is endowed with tyrosine kinase activity and is responsible for all the biochemical and morphological changes that characterize the transformed phenotype (for reviews see Weber, 1984; Jove & Hanafusa, 1987) . One of these changes is an enhanced rate of glycolysis, which is typical of chick-embryo fibroblasts (CEF) transformed by RSV (RSV-CEF) (reviewed by Hanafusa, 1977) . A high aerobic glycolysis, called the Warburg effect, is a common feature of many tumours and of proliferating cells (reviewed by Weinhouse, 1976) . Its mechanism remains ill-understood. The enzymes that catalyse the final four steps of glycolysis are phosphorylated on tyrosine residues in RSV-CEF (Cooper et al., 1983; Presek et al., 1988) , but the significance of such phosphorylations for the regulation of glycolysis has not been demonstrated, since they do not affect the activity of these enzymes. On the other hand, Singh et al. (1974) found that the activities of the regulatory enzymes of glycolysis, namely hexokinase (EC 2.7.1.1), 6-phosphofructo-1-kinase (EC 2.7.1.1 1) and pyruvate kinase (EC 2.7.1.40), were increased in RSV-CEF.
Earlier work from this laboratory (Bosca et al., 1986) showed that the increased activity of 6-phosphofructo-1-kinase in RSV-CEF could be explained by a pp60v-src-dependent increase in the concentration of fructose 2,6-bisphosphate (Fru-2,6-PJ), which is a very potent stimulator of this enzyme (for a review, see Hue & Rider, 1987) . The higher concentration of Fru-2,6-P2 in RSV-CEF was accompanied by an increased activity of 6-phosphofructo-2-kinase (PFK-2; EC 2.7.1.105), the enzyme that catalyses Fru-2,6-P2 synthesis from fructose 6-phosphate and ATP. We have now investigated the mechanism of this increase. The data suggest that the activation of PFK-2 by pp6ov-src is indirect and involves protein kinase C (PKC).
Materials
All chemicals and biochemicals were purchased from Merck, Sigma or Boehringer. 3-O-Methyl-D-[U-'4C]glucose and nitrocellulose and nylon filters were from Amersham. Protein A-Sepharose CL-4B was from Pharmacia. Cell cultures and viral strains were as described (Bosca et al., 1986) . The incubation medium consisted of 126 mM-NaCl, 14 mM-NaHCO3, 3.8 mm-KC1, 0.9 mM-Na2HPO4, 0.6 mM-KH2PO4, 0.6 mM-MgSO4, 0.3 mM-CaCl2, 5.6 mm-glucose and 20 mM-Hepes, pH 7.2. Cells infected with RSV exhibited the typical morphology of transformed fibroblasts at the permissive temperature.
Biochemical measurements
Fru-2,6-P2 (Bosca et al., 1986) , 3-O-methylglucose uptake (Yamada et al., 1983) and protein (Bradford, 1976) were determined as described. PFK-2 activity was assayed under V,,ax conditions after precipitation with 15 % (w/v) poly(ethylene glycol) 6000 (PEG extract) (Mojena et al., 1985) .
PFK-2 immunotitration
Rabbit antiserum MCL-2 was raised against native PFK-2 purified (Van Schaftingen & Hers, 1986) Friis, 1978) . Upon a shift from the restrictive to the permissive temperature, the pp6Ov-src tyrosine kinase activity increases immediately. Thus transformation is initiated synchronously, making it possible to study the time course of various parameters. A rapid rise in PFK-2 activity would therefore be expected under these conditions, if this rise results from a direct effect of the tyrosine kinase activity of pp6Ov-src on this enzyme.
Using one ofthese RSV mutants, ts NY68 (Kawai & Hanafusa, 1971) , Bosca et al. (1986) period before the Fru-2,6-P, concentration began to rise after the shift from 42°C to 36 'C. Fru-2,6-P2 can increase as a result of an increased concentration of fructose 6-phosphate, the substrate of PFK-2. This could occur upon stimulation of hexose uptake, as is observed following transformation of CEF by RSV (Kawai & Hanafusa, 1971) . Using the same ts mutant, we therefore measured PFK-2 activity, Fru-2,6-P2 concentration and 3-0-methylglucose uptake as a function of time after shifting the cells from the restrictive to the permissive temperature. Fig. 1 shows that PFK-2 activity increased in CEF transformed with ts NY68 (ts RSV-CEF), but only after a lag period following the temperature shift. A small initial increase in Fru-2,6-P2 concentration preceded that in PFK-2 activity. This was probably due to the early rise in hexose uptake, which was detectable after 1 h.
However, the bulk of the effect on Fru-2,6-P2 could be ascribed to the increased PFK-2 activity, since these two parameters kept rising after hexose uptake had reached its new steady state.
Changes in both PFK-2 activity and Fru-2,6-P2 concentration were linked to transformation and not to infection, since at the restrictive temperature ts RSV-CEF showed a Fru-2,6-P2 concentration and a PFK-2 activity similar to those of uninfected CEF (control CEF) (results not shown). Thus the increase in
Fru-2,6-P2 concentration caused by pp6Ov-src results from a concerted mechanism involving increases in both glucose uptake and PFK-2 activity. Since the increase in PFK-2 activity required more than 2 h after the shift to the permissive temperature, the pathway between pp6Ov-src and PFK-2 might involve one or several intermediate steps.
" Effect of actinomycin D (AMD)
When ts RSV-CEF are shifted from restrictive to permissive temperature, pp6Ov-src tyrosine kinase activity increases even when RNA synthesis is blocked by actinomycin D (AMD) (Kawai & Hanafusa, 1971) . The requirement of RNA synthesis for the stimulation of PFK-2 would confirm that pp6Ov-src acts on PFK-2 by an indirect mechanism. We therefore examined the effect of AMD on PFK-2 activity and Fru-2,6,-P2 concentration in control and ts RSV-CEF shifted from restrictive to permissive temperature. The results in Table 1 show that, as expected, Fru-2,6-P2 concentration and PFK-2 activity were higher in ts RSV-CEF than in control CEF at the permissive temperature, in the absence of AMD. Treatment with AMD before the temperature shift abolished this difference in PFK-2 activity. When AMD was administered to the cells after the temperature shift, PFK-2 activity was the same as in the absence of AMD, both in control CEF and in ts RSV-CEF (Table 1) . This rules out the possibility that AMD could have lowered the activity of PFK-2 by a direct interaction with this enzyme.
These results demonstrate that at least one intermediate step, inhibited by AMD, is involved in the activation of PFK-2 by pp6Ov-src. The difference in Fru-2,6-P2 concentration between ts RSV-CEF and control CEF seen at the permissive temperature was only partially decreased by AMD. This is in agreement with the previous observation that AMD does not prevent the increase in glucose uptake in ts RSV-CEF shifted from the restrictive to r | the permissive temperature (Kawai & Hanafusa, 1971 2 protein was the same as in control CEF. These data suggest that the difference in PFK-2 activity results from a change in specific activity rather than a change in content. We therefore searched for RSV-induced differences in PFK-2 properties. We first studied the thermostability of this enzyme in vitro by measuring the activity of PFK-2 remaining after treatment of PEG extracts at 50°C for various periods of time. The data (Fig. 2a, Table 2 ) show that PFK-2 from ts RSV-CEF was more thermostable than that from control CEF. Moreover, this change was abolished by pretreatment of the cells with AMD (Fig. 2b) .
We then determined in PEG extracts the apparent Km for fructose 6-phosphate of PFK-2 from control and ts RSV-CEF. PFK-2 activity was assayed with a saturating concentration (4 mM) of the other substrate, MgATP, and with various concentrations of fructose 6-phosphate in equilibrium with glucose 6-phosphate in a ratio of 1: 3 (Bartrons et al., 1983) . Apparent Km values were calculated from Hanes plots. The ratio of the apparent Km for fructose 6-phosphate for control CEF relative to ts RSV-CEF was 2.6 + 0.28 (mean + S.E.M. for four experiments, P < 0.01). When the cells were pretreated with AMD (2 ,ug/ml) 2 h prior to shifting to the permissive temperature, this ratio was equal to 0.8, indicating that the apparent affinity of PFK-2 for fructose 6-phosphate was no longer increased upon transformation by RSV. Thus both the specific activity of PFK-2 and its apparent affinity for fructose 6-phosphate are increased upon transformation by RSV, and both changes are AMD-sensitive.
Effect of staurosporine
The above results ruled out a direct effect of pp60v-src in activating PFK-2. The lag period and requirement for RNA synthesis were reminiscent of those seen when PFK-2 activity increases in CEF treated with phorbol esters such as phorbol 12-myristate 13-acetate (PMA); Indeed, this effect of PMA requires more than 2 h (Bosca et al., 1986) and is blocked by inhibitors of RNA and protein synthesis (Rousseau et al., 1988) . Since this effect of PMA was shown to involve PKC activation , we wondered whether this might hold true for the effect of pp60v-src-Indeed, the stimulating effects of RSV and PMA on PFK-2 in CEF are not additive, consistent with their action through a common pathway (Bosca et al., 1986) . We therefore resorted to the potent PKC inhibitor, staurosporine. This compound acts by interacting with the catalytic domain of (0) (Tamaoki et al., 1986) .
As expected, staurosporine prevented PMA from increasing the Fru-2,6-P2 concentration in CEF (Fig. 3) . This is consistent with the demonstration (Taylor et al., 1990 ) that staurosporine prevents the PMA-induced increase in the Fru-2,6-P2 concentration in human fibroblasts. Low concentrations of saurosporine potentiated the effect of PMA, suggesting that this inhibitor can behave as a partial agonist. Staurosporine also prevented the effect of pp60v-src on Fru-2,6-P2, and the dose-response curve was similar to that seen for the inhibition of the PMA effect (Fig.  3) . Concomitantly, staurosporine not only inhibited PFK-2 activation by PMA, it also prevented the rise in PFK-2 activity seen upon resumption of pp60v-src action by the temperature shift ( 
DISCUSSION
Earlier work from this laboratory showed that PFK-2 activity increases in CEF expressing tyrosine-specific protein kinase oncogenes, but not other oncogenes (Bosa et al., 1986 ). An obvious possibility was that this resulted from a direct phosphorylation of PFK-2 by pp60v-src. The data presented here rule out this hypothesis. First, PFK-2 activation by pp60v-src required more than 2 h. Second, AMD prevented this activation. Thus pp60v-src most likely induces the expression of a gene whose product directly or indirectly activates PFK-2. This activation results from a stable change of PFK-2. Indeed, the amount of immunotitratable PFK-2 did not change, while its specific activity, thermostability and Km did. These changes, which were all AMD-sensitive, withstood partial purification of the enzyme, consistent with a covalent modification, e.g. phosphorylation. In the rat, the liver-type isoenzyme is phosphorylated by cyclic AMP-dependent protein kinase, and in cattle the two forms of the heart-type isoenzyme are phosphorylated by this kinase as well as by PKC (Rider et al., 1992 Activation of 6-phosphofructo-2-kinase by pp60v-src cDNA probes, PFK-2 mRNA in control or transformed CEF, the clarification of this problem awaits the cloning of CEF PFK-2 mRNA.
In any case, the present data point to another intermediate step in RSV-induced PFK-2 activation, namely PKC activation. It is well established that PMA activates PKC, and our earlier work has shown that the increase in the Fru-2,6-P, concentration seen in CEF treated with PMA indeed involves PKC activation . Thus, albeit indirect, the evidence for an involvement of PKC in RSV-induced PFK-2 activation is as follows. (i) The effect of pp60v-src is not additive to that of PMA, consistent with the existence of a common pathway (Bosca et al., 1986) . It has (ii) the same lag period and (iii) the same requirement for RNA synthesis. It is prevented by (iv) a PKC inhibitor and (v) PKC down-regulation. (vi) Similarly to PFK-2 from RSV-treated CEF, PFK-2 from PMA-treated CEF displays an increased thermostability, without an apparent change in total content (Y. Fischer, M. A. Gueuning, X. Testar & G. G. Rousseau, unpublished work). (vii) RSV-transformed cells exhibit increased phosphatidylinositol turnover (Diringer & Friis, 1977; Johnson et al., 1989) . (viii) The concentration of diacylglycerol, the physiological activator of PKC, increases within 30 min following pp60v-src expression (Martins et al., 1989) . Finally, Spangler et al. (1989) have demonstrated that pp60v-src uses PKC to induce the expression of a transformationrelated gene. This, together with our present and earlier work, suggests that in fibroblasts the PKC transduction pathway integrates a variety of signals, e.g. tyrosine kinase oncogenes, growth factors and tumour promoters, to control PFK-2 activity and therefore glycolysis. This effect of PKC is indirect and involves the expression of a gene whose product is a distinct PFK-2 isoenzyme or a protein that stably activates PFK-2 directly or indirectly.
